A new chronostratigraphy for a suite of Holocene alluvial deposits along Buckskin Wash, Utah, shows that dynamic upstream alluvial systems have an important and as-yet-unrecognized infl uence on the origin and preservation of downstream paleofl ood records. An ephemeral stream featuring an upstream alluvial reach that fl ows into a narrow slot canyon, Buckskin Wash has previously been the subject of important arroyo cut-and-fi ll and paleofl ood studies. We expand upon and reconcile these earlier efforts through detailed sedimentology and a diverse geochronology (radiocarbon, optically stimulated luminescence, treering, and 137 Cs). The alluvial-reach deposits preserve at least four arroyo cut-and-fi ll cycles since ca. 3 ka. In contrast, the majority of the constricted-reach deposits date to ca. A.D. 1850-1950, coincident with the most recent arroyo-cutting event upstream. These new data show that transfer of sediment from allu vial valleys during historic arroyo cutting temporarily enhanced preservation of alluvial deposits in the bedrock canyon downstream. Thus, we argue that slackwater deposition in canyons like Buckskin Gulch can be as much a function of upstream geomorphic changes as of fl ood frequency and magnitude. This suggests that some paleofl ood records may be seriously incomplete, and that paleofl ood chronologies could be as much related to the phase of the arroyo cycle as to temporal variability in storm frequency. This fi nding has important implications for studies that utilize paleofl ood records and for our broader under standing of the ways in which dryland fl uvial systems respond to climate change.
INTRODUCTION
Geologists have used alluvial archives for paleoenvironmental reconstructions in the semiarid southwestern United States for over a century. Though methods vary, much of this work falls into two broad categories: (1) the study of arroyo cut-and-fi ll cycles in broad alluvial valleys and (2) the study of paleofl ood deposits preserved in constricted bedrock canyons.
In the fi rst approach, workers examine and interpret the stratigraphy of Holocene-aged valley-fi ll alluvium, usually along alluvial channels fl owing through broad valleys. Most studied exposures owe their existence to historic arroyo cutting (ca. A.D. 1880-1920) , when ephemeral streams throughout the southwestern United States that had been fl owing on or near valley surfaces underwent entrenchment up to tens of meters into their alluvial streambeds (Cooke and Reeves, 1976) . Many decades of subsequent research have shown that multiple cycles of arroyo cutting and fi lling have occurred throughout the Holocene (e.g., Bailey, 1935; Hack, 1942; Haynes, 1968) . Those cycles that have been correlated in many moderate and larger streams (>100 km 2 ) across the region have been, especially recently, interpreted as manifestations of climate changes (Knox, 1983; Karlstrom, 1988; Waters and Haynes, 2001; Hereford, 2002) . One predominant hypothesis suggests that arroyos are cut during episodes of frequent, high-intensity fl ooding and fi lled during periods of relatively infrequent and/or lowmagnitude fl ooding (Webb, 1985; Webb et al., 1991; Miller and Kochel, 1999; Hereford, 2002; Huckleberry and Duff, 2008) .
A different disciplinary approach to interpreting alluvial records has emerged in more recent decades-paleofl ood hydrology using slack-water fl ood deposits. In order to characterize the pre-instrumental fl ood history of a stream, workers study deposits emplaced by large fl oods, usually in low-velocity zones such as alcoves, back-fl ooded tributary mouths, and meander bends Patton et al., 1979; Kochel and Baker, 1988) . In addition to stream-specifi c paleofl ood chronologies, regional compilations of radiocarbon-dated paleofl ood deposits in the Southwest United States have been published (Ely, 1997; Harden et al., 2010) (Fig. 1) . These analyses reveal "clustering" of large fl oods throughout the Holocene, which has been attributed to centennial-to millennial-scale changes in the frequency and magnitude of El Niño-related fl ood events.
The studies of arroyo cutting and fi lling cycles in broad alluvial valleys and slack-water fl ood deposits in bedrock canyons have largely remained divorced in the literature, yet they are fundamentally related. Both use Holocene alluvial deposits to interpret stream history beyond the historic record, sometimes on contiguous reaches of the same streams. However, they differ in practice and interpretation, and their interrelations are poorly understood (Harvey and Pederson, 2011) .
Almost by defi nition, any fl uvial deposit in an ephemeral stream valley is a fl ood deposit. What distinguishes a paleofl ood sequence from a typical alluvial valley fi ll is that it presumably preserves only those deposits emplaced by rare, high-magnitude fl oods. As mentioned already, paleofl ood hydrologists have focused their studies on bedrock canyons where only large fl ow events are able to overtop existing deposits and be preserved. However, many such studies have been performed in stream segments contiguous with those that have been shown to experience cycles of aggradation and degradation on the scale of tens of meters. How can we confi rm that such drastic changes in channel grade do not occur in the constricted canyon reaches of the same streams? If they do, then the use of fl ood deposits as paleostage indicators could lead to faulty interpretations about paleofl ood magnitude.
Further, there are many ambiguous stream reaches where it is unclear whether terraces therein are composed of only high-magnitude fl ood deposits or a more complicated sequence of aggradational events. The Colorado River through Marble and Grand Canyon is a classic example of a stream reach where deposits in similar landscape positions have been interpreted as both paleofl ood sequences and aggradational packages (Harvey and Pederson, 2011) . Is there some threshold in valley geometry that can be used to predict whether or not a given stream reach is insulated from cut-and-fi ll cycles and instead preserves only very large fl oods?
Finally, the temporal relation between arroyofi ll and paleofl ood deposits in the Holocene is poorly understood and key to the primary hypothesis expressed herein. If arroyo cutting is driven by episodes of anomalous fl ooding, one might expect paleofl ood deposition to be broadly anticorrelated with arroyo fi lling on a scale of an individual stream or perhaps an entire region. Unfortunately, there have been few attempts at directly comparing paleofl ood records with arroyo cut-and-fi ll records. On a regional scale, the contrasting resolutions of the two record types present a challenge. Ely's (1997) regional chronology of paleofl ood deposits is binned into 200 yr intervals (Fig. 1) . Arroyo-cutting events, on the other hand, have been documented to propagate through a drainage in less than a decade (e.g., Webb, 1985) . Harden et al. (2010) attempted to overcome this by comparing cumulative probability functions for radiocarbon-dated deposits in both alluvial and bedrock reaches, but across a large region of varying drainage areas and climates (Fig. 1 ).
While such exercises are certainly worthwhile, we argue that in order to truly capture the relation between these record types, they should be studied exhaustively within individual streams (e.g., Webb, 1985) . In this study, we test the hypothesis that paleofl ood slack-water deposits are temporally inversely correlated to arroyo-fi ll deposits within a single drainage.
STUDY AREA
Buckskin Wash is an ephemeral tributary of the Paria River in south-central Utah (Fig. 2) . Though it is best known for its dramatic slot canyon upstream of the Paria, referred to as Buckskin Gulch, its catchment encompasses 1254 km 2 of semiarid rangelands of the southwestern Colorado Plateau. Two major tribu taries defi ne the upper watershed: Kitchen Corral Wash (987 km 2 ) and Coyote Wash (267 km 2 ). The head of Kitchen Corral Wash is located in a series of steep gullies eroding into the Pink Cliffs at the southern end of Bryce Canyon National Park (elevation ~2800 m). It then drains the broad mesas of the Grey, White, and Vermillion Cliffs of Grand Staircase-Escalante National Monument. The Triassic to Eocene sedimentary rocks of these colorful "steps" are exposed in north-dipping plateaus with abrupt, eponymously named southern escarpments (Doelling and Davis, 1989) . These rocks weather readily and deliver abundant silt-to sand-sized sediment to the drainage via tributaries, earthfl ows, and low-relief alluvial fans. Holocene valley-fi ll alluvium is confi ned to several-hundred-meter-wide alluvial valleys inset into bedrock plateaus and gravelly Pleistocene stream terraces (Fig. 3) . This valley fi ll is now entrenched by a continuous arroyo system for much of its length. The reach downstream of the Vermillion Cliffs hosts study sites KCW-A and KCW-B (Fig. 2) .
Downstream of the Kaibab Plateau, Kitchen Corral Wash crosses the Laramide-age East Kaibab monocline and becomes increasingly constricted between walls of Jurassic Navajo sandstone (site BG-A). The width of the active alluvial valley decreases to a few tens of meters before disappearing entirely in the Buckskin Gulch slot canyon. The Coyote Wash tributary meets the trunk drainage in the upper reaches of the canyon after draining a strike valley along the East Kaibab monocline (host of study site COY-A). Appreciable alluvial deposits in Buckskin Gulch are limited to short expansions and alcoves (study sites BG-B and BG-C; Fig. 3 (Ely, 1992) . The typical pattern of increasing moisture with elevation is also strong. Vegetation varies with elevation, with a mixed conifer forest in the highlands grading into pinyon-juniper and sagebrush steppe in the lowlands and fl oodplains.
METHODS
After reconnaissance exploration and mapping the alluvial geomorphology of much of the drainage, we studied six outcrops in detail. Three of these are in the alluvial reaches (KCW-A and KCW-B in Kitchen Corral Wash and COY-A on October 4, 2011 gsabulletin.gsapubs.org Downloaded from in Coyote Wash), two in the constricted reach of Buckskin Gulch (BG-B and BG-C), and one in a somewhat transitional reach between the two end-member settings (BG-A). At each site, we recorded detailed stratigraphy onto photographic panels and described the sedimentology of individual event beds (GSA Data Repository items DR1-DR12 1 ). We defi ned 10 lithofacies based on grain size, sedimentary structures, and bed geometry to assist in sedimentological descriptions (GSA Data Repository item DR13 [see footnote 1]). Because these distinguishing characteristics refl ect the hydraulic environment of deposition, we were able to link these facies to particular depositional environments via three broader facies associations (channel-bottom, channel-margin, and valley-surface).
We produced a diverse geochronology from a number of methods, including association with cultural artifacts, ring counts on buried trees, detection of the short-lived isotope 137 Cs, and radiocarbon and optically stimulated lumi nescence (OSL) dating. Organic material (usually charred wood or fi ne tree litter) was collected where possible from exposed deposits and submitted for accelerated mass spectrometry (AMS) radio carbon dating at Beta Analytic. Resulting radiocarbon ages were converted to calendar years before 1950 A.D. (yr B.P.) using the INTCAL09 calibration (Reimer et al., 2009) .
OSL dating of quartz grains holds promise for landscapes like our study area that lack abundant organic material for radiocarbon dating, as well as for those studies that are focused on time scales that are too young (<300 yr) or to old (>50 k.y.) for radiocarbon methods (Aitken, 1998) . However, partial zeroing or bleaching of sand grains during transport is a major concern when studying fl uvial deposits, because an inherited luminescence signal will lead to age overestimates and greater uncertainty (Wallinga, 2002; Jain et al., 2004; Rittenour, 2008) . A range of factors affects the completeness of bleaching, including the turbidity and depth of the fl ow, transport distance, and whether transport occurred during daylight hours. In addit ion to choosing OSL targets in key stratigraphic positions, we tried to avoid strong partial bleaching by avoiding units that appeared to have been deposited in a turbid, disorganized fl ow. Unfortunately, more ideal characteristics such as sedimentary structures indicative of lower-fl ow regime hydraulics and lower sedimentation rates were rare.
Samples were analyzed at the Utah State University Luminescence Laboratory according to the single-aliquot regenerative-dose (SAR) protocol described by Murray and Wintle (2000) . Resultant equivalent dose (De) values were calculated using central and minimum age models (CAM and MAM, respectively; Galbraith et al., 1999) . While the CAM is more appropriate for normally distributed, fully bleached samples, the MAM is designed to identify the youngest, fully bleached population of grains within a partially bleached sample. However, because each aliquot contained dozens of sand grains, singlegrain OSL dating is usually the most effective way to isolate the bleached population (Duller et al., 1999; Olley et al., 2004) . To that end, we analyzed one OSL sample with the singlegrain protocol, and again compared CAM and MAM models to determine the degree of partial bleaching and focused in on the fully bleached population of grains.
At site BG-B, we cored and counted the rings of two living juniper trees partially buried by alluvial deposits in order to bracket the ages of the deposits that bury them and the surface upon which they germinated. At site KCW-A, potsherds related to the prehistoric Puebloan occupation of the area were identifi ed, and we were able to determine the interval during which their style was being produced. Finally, eight deposits at sites BG-B and BG-C that were suspected to be historic were sampled for 137 Cs, a short-lived radioactive isotope that fi rst appeared after the start of atomic bomb testing in the 1950s (Ritchie and McHenry, 1990; Ely and Webb, 1992) . Cesium activities were analyzed by gamma counting at Arizona State University. To discern the infl uence of clay content in our samples (Ely and Webb, 1992) , grain-size analyses were performed at the Utah State University Soils Laboratory. This multi pronged geochronological approach provides a much higher temporal resolution than previous studies, and it is necessary in order to produce a better understanding of the complex geomorphic relations between the alluvial and constricted reaches of the drainage. 
RESULTS

Holocene Alluvial Deposits
Though most tributaries in the upper watershed are alluvial channels, we focused on the reach of Kitchen Corral Wash downstream of the Vermillion Cliffs (Fig. 2) . Here, the modern wash is entrenched up to 10 m below a single Holocene fi ll terrace. The tread of this terrace converges to within ~4 m of the wash as it approaches the canyon reach of the Kaibab Plateau. The entrenchment evident today is historically documented to have occurred between A.D. 1883 and 1910 in the Paria River and nearby basins (Bryan, 1925; Gregory and Moore, 1931; Bailey, 1935; Webb, 1985; Topping, 1997) . Inset into the arroyo, there is a 1-to 2-m-high channel-margin fl oodplain likewise documented in the region to have been deposited since ca. A.D. 1940 A.D. (Leopold, 1976 Hereford, 1986; Graf et al., 1991) . This fl oodplain locally supports dense riparian vegetation and was overtopped by a fl ood during our fi eld work in August 2008. In many places, the arroyo walls are actively slumping onto the surface of the inset fl oodplain and into the wash.
Modern arroyo walls provide excellent exposures of valley-fi ll alluvium that can be traced along Kitchen Corral Wash for several kilometers. These outcrops were fi rst studied by Hereford (2002) , who concluded that the historic arroyo cutting was preceded by ~500 yr of aggradation of what he has called the "settlement alluvium." This alluviation was itself preceded by an arroyo-cutting event that occurred around A.D. 1200-1300, which has been described in other streams in the region and linked to prehistoric cultural changes in the area (Karlstrom, 1988; Hereford, 2002) .
Kitchen Corral Wash narrows as it enters the Kaibab Plateau, fl owing through a reach devoid of appreciable stored sediment known as Kaibab Gulch. As it exits the plateau, it crosses the East Kaibab monocline and becomes Buckskin Wash. After this point, the valley ranges from ~15 to ~200 m wide (Fig. 3) , and a single, prominent terrace fi lls the valley bottom. The wash is entrenched 4-5 m below this terrace surface. An active channel-margin fl oodplain correlative to that found upstream lines the channel through this reach. This reach contains study site BG-A (GSA Data Repository item DR4 [see footnote 1]).
About 5.5 km downstream from the Buckskin Gulch trailhead on House Rock Valley Road, Buckskin Wash enters the fi rst slot canyon reach. After this point, the character of the deposits along the wash changes considerably-signifi cant alluvial deposits are found only in backwater areas upstream of severe constrictions, alcoves in bedrock walls, and at tributary confl uences. These isolated deposits usually reach a height of 10-12 m above the channel and are eroding rapidly due to bank failure and trailing by cattle and humans. The most impressive deposits were studied by Ely (1992) as part of her regional paleofl ood chronology: one at the Coyote Wash-Buckskin Wash confl uence (BG-C), and another ~1.5 km upstream (BG-B). These two sites were revisited as part of this study. Though we studied six sites in detail, we report here only those sites that provided the most information. Details about the other sites can be found in the accompanying data repository (GSA Data Repository items DR1-DR6 [see footnote 1]; Harvey, 2009 ).
Kitchen Corral Wash Valley Fills
Stratigraphy and Sedimentology
In the alluvial reach, the wash has incised up to 10 m into the valley-fi ll terrace. At least four alluvial packages bounded by sharp unconformi ties are present. The best exposure of these packages is found at study site KCW-A, which is located on a vertical west-facing cutbank that is actively eroding into the modern channel (Fig. 4) . Basal package I is ~8 m thick. Package II overlies and slightly overtops a steep paleobank that truncates most of package I. Similarly, package III truncates and overtops package II by ~1.2 m. Package IV fi lls in a paleochannel that truncates the entirety of the outcrop and locally overlies package III.
Packages I to III contain a similar sequence of depositional facies and, accordingly, interpreted depositional process. The lower beds of each contain matrix-to clast-supported, locally on October 4, 2011 gsabulletin.gsapubs.org Downloaded from imbricated gravels interbedded with laminated and trough cross-bedded coarse sand. These facies record moderate to high shear stresses and are related to deposition in the channelbottom environment of the arroyo system. Irregular upper and lower contacts and lenticular beds indicate frequent scour and refi lling, consistent with repeated fl ow events in the main channel. Basal deposits of the channel-bottom facies association are generally overlain by a relatively thick sequence of tabular, medium to coarse sand beds interbedded with thin beds of silt. The most common sedimentary structures in this sequence are plane-bed to ripple crosslaminations, indicating lower-fl ow-regime hydraulics and relatively shallow, organized fl ow. The upper surfaces of these beds are often bioturbated and, especially higher in the section, feature incipient A and Btk soil horizons. These deposits are part of the channel-margin facies association, which constitutes the majority of packages I to III (Fig. 4) . A modern analog to this depositional environment is the locally vegetated channel-margin fl oodplain that has begun to fi ll the modern arroyo bottom. These deposits of the channel-margin facies association are overlain by thin caps of bioturbated, thin-bedded silts and fi ne sands. These capping beds are associated with deposition on the valley surface, where slope wash, eolian infl ation and defl ation, and inundation and reworking by overbank fl ows have produced a complex suite of thin, tabular deposits that are heavily rooted and burrowed. The clear modern analog for this environment is the broad, sagebrush-covered surface of the alluvial valley.
Package IV is clearly distinct from packages I-III, wherein the dominance of reddishbrown, silty, fi ne-to-medium sand indicates more input from local tributaries draining the Vermillion Cliffs. It is characterized by a sequence of lenticular beds of everything from matrix-supported gravel to massive silty sand. A few lenses of massive, yellowish-brown sand of more distant provenance are interbedded within the package. These channel deposits interfi nger laterally with a series of tabular, thin to medium beds of laminated, fi ne-to-medium sands. Most of the units in package IV record fl ow events in a tributary arroyo, and the yellowish-brown sandy interbeds record main stem fl ood events that inundated the tributary. The vertically stacked geometry of the package suggests that there was relatively little lateral channel migration during aggradation, in contrast to the main stem arroyo fi lls in packages I to III. There are many analogous tributary arroyo systems in the modern landscape.
In terms of overall stratigraphic interpretation, packages I to III record three cycles of cutting followed by progressive fi lling and overtopping of paleoarroyos. Though the channel-bottom deposits are only preserved in the lower portions of each package, the channel-margin deposits clearly record aggradation of at least the channel-margin system. The valley-surface deposits represent slope wash and eolian deposition on the valley surface during periods of entrenchment. Package IV records the infi lling of a tributary arroyo. Since tributary arroyo systems are graded to the main stem, the presence of tributary channel-bottom deposits 8-9 m above the modern wash is clear evidence that the Kitchen Corral Wash experienced aggradation of a similar scale during the deposition of package IV.
Geochronology
A sample of detrital charcoal from the base of package I yields an age of 2.34-2.15 ka (where B.P. is considered before 1950 A.D.), while an OSL sample 1 m above it gives an age of ca. 2.8-2.5 ka (Tables 1 and 2; Fig. 4 ). An OSL sample at the base of the overlying package II gives a maximum age of ca. 2.2-1.6 ka. These two sample results have clear indications of partial bleaching, resulting in decreased precision and probable age overestimation. Potsherds found eroding from the buried surface at the top of package II are of the black-on-white variety, indicating that the surface was occupied by the on October 4, 2011 gsabulletin.gsapubs.org Downloaded from Kayenta Anasazi ca. 1.2-0.8 ka. We were unable to produce any meaningful age control for package III, yet it is bracketed by a radiocarbon sample of detrital twigs from the base of package IV, which yields an age of 0.66-0.54 cal k.y. B.P. Our results for the timing of arroyo cutting and fi lling cycles in Kitchen Corral Wash are consistent with Hereford (2002) , though our record is almost 2000 yr longer.
Buckskin Gulch Slack-Water Deposits
Stratigraphy and Sedimentology
Site BG-B is located on the west face of a 10-to 12-m-high fi ll terrace occupying an internal meander bend between a short initial slot canyon and the more continuous and extreme constriction of Buckskin Gulch just downstream (Fig. 2) . Correlative deposits mantle the bedrock topography throughout the expansion (Fig. 3B) . The deposits in the fi ll terrace here were fi rst studied by Ely (1992) , who gave a brief description and provided fi ve radiocarbon dates, though she questioned their accuracy due to apparent stratigraphic inconsistencies.
Five stratigraphic packages separated by buttress unconformities are present at site BG-B (Fig. 5) . Package I contains 15 depositional units and forms the core of the deposit. Package II is inset into and overtops package I by ~2 m and contains 20 units. Package III consists of 6 units and nearly overtops package II. Packages IV and V continue the pattern of fi lling in void space above downstream-dipping unconformities with 9 and 6 units, respectively, though they are much less voluminous than the packages that preceded them.
Sedimentologically, package I contains a series of medium to thick beds of laminated, silty, medium to coarse sand. Beds are generally tabular and laterally continuous and are mostly planar-laminated with local ripple cross-lamination. These characteristics suggest moderate fl ow energies in a channel-margin environment, preserved here on the inside of a channel bend. Three signifi cant hiatuses are preserved as weakly developed Entisols or heavily bioturbated horizons within this package (Fig. 5) . The fi rst is developed upon unit 6, ~3 m from the base of package I. Weakly developed A and Btk horizons are present, as well as abundant rhizoliths, burrows, and root casts. The second is a bioturbated zone atop the irregular surface of unit 8, which could be an eolian wedge deposited over the soil on unit 6. It is less mature than the fi rst, yet features some reddish-brown stain and infi lled root traces and burrows. The third, best-developed soil is found along the top of the 2-m-thick unit of massive, medium to coarse sand capping package I. This represents exposure for a more lengthy period of time, as it is heavily bioturbated, contains abundant rhizo liths, and has a strong reddish-brown stain, likely a result of incorporation of slope wash from nearby bedrock hillslopes into the unit via infi ltration and translocation. Correlation by tracing stratigraphy and landscape position across the wash to other exposures indicates that this marker surface was the germination horizon for a number of now partially buried juniper trees. Two are still living and were the target of tree-ring counts described next. Overall, package I records several moderate to large fl ows, with the thick capping unit likely recording a more energetic and sediment-laden fl ow than those that came before.
Package II overlies a wedge of sandy hillslope colluvium developed along the unconformity that truncates package I. Its basal units are four medium beds of relatively well-cemented, faintly laminated to massive, yellowish-brown sands that pinch out against the bounding surface between packages I and II (Fig. 5 ). These are overlain by a voluminous, 2-m-thick bed of yellowish-brown sand with ripple cross-bedding and fl oating pebbles and granules that fi lls much of the erosional topography cut on package I. This distinctive unit was likely emplaced by a more powerful, disorganized, and sediment-laden fl ood. A series of 14 downstream-thickening, medium to thick beds of reddish-brown and light yellowish-brown sand comprises the upper 5 m of the deposit. Most beds contain sub-to supercritically climbing ripples, indicating high but variable rates of sedimentation. Direction of climb, and therefore paleocurrent direction, often reverses within individual beds, suggesting that they were deposited in a recirculating eddy downstream of the existing package I. Most beds also show a reverse-then-normal grading, probably recording deposition during both the rising and falling limb of fl ood events in a channel-margin setting. A few of the lighter-brown units are massive and well cemented, probably refl ecting fl ows with an even higher sediment concentration or perhaps a more carbonate-rich provenance. In contrast to underlying package I, contacts between all units of package II are smooth and free of bioturbation. This indicates that the entire package was deposited rather quickly and that successive units were passively laid over existing deposits. The upper beds of package II partially bury the juniper trees that had germinated on the surface of package I.
We note here that package II is the most voluminous of packages preserved at BG-B, and it is the only package exposed in other expansions downstream. Notably, deposits correlative to package II based on color, sedi- (Reimer et al., 2009 ).
on October 4, 2011 gsabulletin.gsapubs.org Downloaded from mentology, and age control compose the entire stratigraphy at site BG-C downstream (GSA Data Repository item DR11 [see footnote 1]). Thus, package II appears to be the best-preserved sequence of slack-water deposits in the Buckskin Gulch slot canyon.
Packages III and IV are similar to package II, each consisting of a series laminated to ripple cross-bedded, silty, medium to coarse sand beds that are on average thicker than those in package I or II. Again, no bioturbated horizons or buried soils are present, suggesting relatively short periods of time between preserved events. Package V is a complex series of units that are draped against one another at the downstream margin of package IV. Steeply dipping contacts between units may be erosional and indicate that the fl ows that emplaced them were considerably different, perhaps refl ecting a decreased sediment load or the diminishing infl uence of the eddy environment that governed the deposition of packages II-IV.
Geochronology
A diverse geochronology at this site provides relatively detailed age control, especially for the younger portion of the record (Tables 1 and 2) . A sample of detrital charcoal from just below the lowest paleosol in package I yields an age of 1.82-1.60 cal k.y. B.P. (Fig. 5) . Another sample six units above this gives an age of 1.28-1.07 ka. An OSL sample taken between the two returns an age of ca. 1.9-1.4 ka, overlapping in time with the underlying radiocarbon result. Initial results revealed that, like all of the others , this sample suffered from partial bleaching. Single-grain analysis of the same sample followed by a mixed-age model (MAM; Galbraith et al., 1999) analysis yields an age of ca. 1.6-1.1 ka. Though the age ranges resulting from the two methods overlap, the true depositional age is probably better refl ected in the single-grain age, since it should be based on the more fully bleached population of grains.
A sample of tree litter found on the buried hillslope below the base of package II constrains the start of its deposition to 0.29-0.01 cal k.y. B.P. Additional OSL samples were collected from the base and middle of package II, but they are very poorly bleached and therefore return unreliably old ages under regular SAR protocols (Table 1) . The MAM analysis used with other samples was not run on these two samples because they were abandoned before enough aliquots could be analyzed. The very poor bleaching of these samples is consistent with the relatively rapid and turbid deposition of these units as illustrated by their on October 4, 2011 gsabulletin.gsapubs.org Downloaded from sedimentology. Fortunately, they are ultimately unnecessary because our radiocarbon samples and those from Ely (1992) constrain package II to younger than 290 cal yr B.P. A higher degree of precision is impossible due to multiple intersections of the radiocarbon calibration curve at age ranges less than 300 yr B.P.
In the absence of OSL and radiocarbon, we rely on other age constraints to bracket the upper beds of package II. A living juniper tree buried by the uppermost 4-5 units of package II is exposed near the head of a gully on stream right within the BG-B expansion. A core collected ~2-3 m above the tree's germination horizon revealed 85 rings. Another collected from a second tree on top of package II yielded 110 rings. Because of the coring location and the likelihood of missing rings, it is safe to assume that the trees could be ~10%-20% older. We consider these ages to be maximum ages for the overlying units. Thus, tree-ring data indicate that the upper portion of package II and the whole of packages III, IV, and V were, conservatively, deposited after ~130 years ago (ca. A.D. 1880).
Finally, eight units at site BG-B were analyzed for the presence of postbomb 137 Cs (Fig. 6) . None was detected in packages II or III, consistent with deposition prior to A.D. 1950. A small but measurable amount was detected in the middle of package IV, and signifi cantly higher activities were detected near its top. All stratigraphically younger samples contain measurable amounts of cesium, consistent with its postbomb residence in the landscape. Thus, package IV spans and package V postdates the mid-twentieth century. The presence of deep, unfi lled gullies bisecting the deposits here and at site BG-C downstream suggests that many decades have passed since the deposition of package V.
In overview, the chronostratigraphy of the Buckskin slot canyon indicates an early, complex episode of deposition from ca. 2.0 ka to ca. 1.0 ka interrupted by three signifi cant hiatuses. No deposits are preserved from the following ~900 yr period (ca. 1.0 ka to ca. 0.35 ka). This extended hiatus was followed by rapid deposition of packages II-IV between ca. 0.13 ka and 0.06 ka (ca. A.D. 1880-1950) , subsequent depo si tion of package V sometime after 0.06 ka (ca. 1950), and a fi nal hiatus extending to the present day.
DISCUSSION
Interpretations of Channel Stability
The sedimentology and stratigraphy of the alluvial deposits in the constricted and alluvial reaches of Buckskin Wash record the contrasting processes of deposition and erosion operating in the two settings. In the alluvial reach, channel-bottom and channel-margin deposits preserved up to 9 m above the modern channel record periods of streambed aggradation, and the truncation of these deposits by younger paleoarroyos records episodes of channel incision. Thus, in the late Holocene, the alluvial reach of the drainage clearly experienced cycles of aggradation and degradation in the manner described by Gellis and Elliott (2001) , whereby arroyos rapidly incised, widened, and slowly refi lled over the following hundreds of years. This model is supported by a number of previous studies in the southwest United States (e.g., Waters, 1985; Hereford, 2002) . The apparent behavior of Kitchen Corral Wash also supports Graf's (1987) conclusion that drainages in the Colorado Plateau on the scale of ~1000 km 2 store and evacuate sediment in response to changes in climate and land-use patterns.
In contrast to the valley fi lls of Kitchen Corral Wash, the deposits in Buckskin Gulch lack such obvious signs of cut-and-fi ll cycles. Ely (1992) suggested that the constrictions of the slot canyon at BG-B and BG-C are extreme enough that they should cause backwaters of great depth to form behind them during most moderate and larger fl oods; however, no hydraulic modeling has been attempted for Buckskin Gulch, and stage-discharge relationships are unknown. Regardless, during fl ows where water is "ponded" in expansions, deposition in slack-water zones could theoretically fi ll up to near the water surface while the higher fl ow velocities along the thalweg inhibit aggradation of the channel bed itself. Though deposition of the thick slackwater packages at site BG-B and BG-C could have possibly happened without aggradation of the channel bed, it is clear that the deposits fi lled much more of the channel cross section at the time of emplacement. Ongoing slumping and erosion of the outcrop walls indicate that they have been rapidly retreating through time. By occupying a much greater portion of the canyon cross section, the slack-water deposits would have signifi cantly increased the stage-discharge relation in the constricted reach, infl ating the apparent magnitude of any given fl ood during that time. Therefore, we argue that the channel grade and cross section in the Buckskin slot canyon have been quite dynamic in recent centuries. This, of course, suggests that use of fl ood deposits as paleostage indicators in this setting is fraught with complication.
Timing and Time Scales of Deposition
A clear difference in the records of the endmember settings is in the time scales that they represent (Fig. 7) . The aggradational phase of each cycle in the alluvial reach lasted several hundred years, as evidenced by geochronology, bioturbated upper contacts within packages, and Entisol development on paleovalley surfaces. This confi rms previous workers' recognition that arroyo fi lling is a relatively long, slow process involving incremental lateral and vertical accretion of channel margins within the arroyo (Bailey , 1935) . In contrast, we know from historical evidence that the most recent arroyo entrenchment took only a few decades (Bryan, 1925; Bailey, 1935; Webb, 1985) . Thus, the arroyo cutting and fi lling cycles in the alluvial reach of the drainage can be characterized by centennial-scale episodes of aggradation punctuated by decadal-scale episodes of incision.
The constricted reach shows a less consistent pattern. The geochronology of package I at site BG-B indicates that it was deposited over ~1 k.y., an observation reinforced by the presence of multiple incipient soil horizons and bioturbated upper contacts throughout. The on October 4, 2011 gsabulletin.gsapubs.org Downloaded from buried soil atop package I and the supporting geo chronol ogy both indicate that ~0.9 k.y. of nondeposition followed package I (Fig. 7) . During this hiatus, the alluvial reach experienced prehistoric arroyo cutting (before ca. 0.7 ka) followed by ~0.6 k.y. of slow aggradation of the "settlement" or Naha alluvium (Hereford, 2002) . Following the long hiatus, the 41 slackwater deposits that comprise packages II-V were deposited in very rapid succession, as evidenced by our geochronology and smooth, undisturbed contacts between beds. Hence, the temporal pattern of sediment storage and evacuation in the constricted reach over the last ~1.0 k.y. appears to be roughly opposite to that of the alluvial reach. This fi nding is consistent with the primary hypothesis being tested: that arroyo cutting is recorded by deposition of fl ood deposits in the bedrock canyon downstream.
Paleohydrologic Interpretations
Our sedimentologic and stratigraphic analyses suggest that the alluvial-reach deposits in Kitchen Corral Wash represent a wide range of fl ow magnitudes. Abundant thin-bedded, fi negrained units throughout the packages are records of relatively common, low-energy fl ows. In contrast, some preserved channel-margin deposits are meters thick and contain small pebbles in suspension, suggesting that much more energetic fl oods can also be recorded in the channel margins of the arroyo system.
As expected, the constricted reach deposits in Buckskin Gulch are more selective records of fl ow events. For the sake of argument, if the slack-water deposits at site BG-B were assumed to be a complete and representative record of fl ooding in Buckskin Wash, we would infer that there was a cluster of 15 large fl oods between ca. 2 and 1 ka, followed by an ~900 yr absence of fl ooding between ca. 1 ka and 0.15 ka, which was in turn followed by 41 fl oods in rapid succession, ~10 of which had a higher stage than any previous fl ood. Such drastic shifts in hydrology have not been described in any other regional record and would be very diffi cult to explain hydroclimatically. Therefore, we argue that the slack-water deposits at site BG-B do not simply record the paleofl ood history of the stream. Rather, we argue that their formation and preservation are more a function of upstream geomorphic changes. Specifi cally, our evidence indicates that they record pulses of sedimentation associated with the large-scale excavation of upstream valley fi lls during arroyo cutting.
Geochronology conservatively constrains the deposition of the bulk of the higher deposits in the constricted reach (packages II and III) to between ca. A.D. 1850 and 1950, while incision of the alluvial valleys upstream took place between ca. A.D. 1883 and 1910, based on historic records. Enormous volumes of sediment were carried downstream during arroyo cutting . Once initiated, arroyo headcuts likely migrated upstream during each successive fl ow event, each contributing a new pulse of sediment to the downstream drainage system. This extraordinary sediment loading may have repeatedly overwhelmed the backwaters in the Buckskin slot canyon, causing temporary aggradation or at least the local accumulation of thick packages of sediment. Due to the relatively small width-to-depth ratio of the slot canyon, the temporary storage of sediment along the channel margins would have altered local stagedischarge relations and led to the preservation of a series of fl oods that may not have been particularly large or climatically signifi cant.
Implications
At least in relatively extreme geometries like the Buckskin Gulch slot canyon, constricted reaches can be subject to temporary sediment storage during incision of alluvial valleys upstream. Thus, preserved slack-water deposits may obscure or fail to record fl ood events that occurred during upstream aggradation and exaggerate the frequency and magnitude of those occurring during upstream arroyo cutting. These complications have been largely overlooked or marginalized in previous paleofl ood studies, and they warrant more cautious interpretation of exist ing regional fl ood chronologies. Rather than recording increases in the frequency of major fl ood-producing storm systems, the "clustering" of fl oods apparent in those records could instead be recording major arroyo-cutting events. This infl uence of temporary sediment storage on paleofl ood records can be minimized by avoiding slack-water deposits that lie downstream of broad, alluvial sediment "reservoirs" such as Kitchen Corral Wash. Workers should especially avoid backwaters upstream of tight constrictions and instead use only slack-water sequences in alcoves or areas less subject to ponding of water during fl oods. In any case, the stability of channel geometry in constricted reaches must be interpreted cautiously, and attention should be directed to the sensitivity of the channel cross section to temporary episodes of sediment storage.
Our interpretations would be reinforced if the thick unit capping package I in the constricted reach could be linked to an earlier episode of arroyo cutting upstream. Testing of this hypothesis is currently hampered by incomplete age control, due in part to the scarcity of suitable organic material for radiocarbon dating and the challenges of using OSL in environments where turbid fl ows and entrainment of "old" sediment are common. Our results indicate that even the most suitable-looking deposits, in terms of sedimentology, are somewhat partially bleached in our study area. In the slot canyon, this increases the uncertainty and reduces the precision of age estimates to the point where their utility is marginal. However, single-grain OSL methods may be able to overcome these issues, and future studies dating alluvium in similar settings should consider employing them.
CONCLUSIONS
We employed a multipronged geochronology to obtain age control on what can be diffi cult-todate, young, fl uvial sediments. All OSL samples showed signs of partial bleaching but, where possible, were corrected by using MAM analysis and/or single-grain protocols. Other OSL samples had to be abandoned during analysis because even with the application of newer statistical models, they were unlikely to produce an age precise enough to provide a valuable constraint. This unexpected challenge limited the precision and resolution of our geochronology.
Nevertheless, we show that there have been at least four cycles of arroyo cutting and fi lling in Kitchen Corral Wash since ca. 3.0 ka. The youngest arroyo-fi ll package was deposited beginning ca. 0.7 ka until historic arroyo cutting began between ca. A.D. 1880 and 1910. The slack-water deposits in the Buckskin Gulch slot canyon were deposited in two phases: a complex early phase from ca. 2.0 to 1.0 ka and another, conservatively, between ca. A.D. 1850 and 1950. Thus, this most recent phase of alluviation in the slot canyon appears to be related to an episode of enhanced preservation during incision of the alluvial valleys upstream. Extraordinary sediment loads associated with headward migration of arroyo headcuts during successive fl oods likely led to a transient state of sediment storage and changed stage-discharge relations in the canyon, serving to rapidly emplace and preserve dozens of deposits from fl oods with potentially moderate discharges rather than from the peak discharges usually assumed in such records. Thus, the slack-water deposits at the studied sites in Buckskin Gulch are not suitable records of paleofl ood magnitude.
It is possible that other paleofl ood sites in the Southwest are similarly weighted toward upstream arroyo-cutting episodes, biasing regional paleofl ood syntheses toward these episodes in time and perhaps driving some of the apparent "clustering" evident in such compilations. Additional studies of the chronologic and stratigraphic relations between preserved deposits in alluvial and constricted reaches of individual drainages must be undertaken in order to test whether our observations in Buckskin Wash are merely local or represent a more widespread phenomenon. Such studies will improve both our understanding of canyon slack-water deposits and of the ways in which different components of dryland streams respond to climatic infl uences.
